Key Points {#FPar1}
==========

Under conventional preparation methods, mitomycin C (MMC) solutions (≥1.0 mg/mL) intended for intravesical delivery are poorly solubilized, raising concerns of improper drug delivery to the bladder.MMC intravesical solutions (1 and 2 mg/mL) prepared by alternative methods to improve their solubility, as outlined in this study, retain sufficient physical and chemical stability for up to 5 h.

Introduction {#Sec1}
============

Bladder cancer is the seventh most common cancer worldwide in men (17th most common among women), with the majority of patients presenting with nonmuscle invasive disease \[[@CR1]\]. These cases are generally managed with a combination of transurethral resection and intravesical immunotherapy or chemotherapeutic agents \[[@CR2]\]. Mitomycin C (MMC) is a chemotoxic agent widely used for the treatment of solid tumors, such as carcinomas of the breast, esophagus, cervix, and bladder \[[@CR3]\]. For nonmuscle invasive bladder cancer (NMIBC), MMC, used as a single agent perioperatively, has been shown to reduce the likelihood of tumor recurrence by up to 35% \[[@CR4]\]. MMC has also demonstrated benefit in preventing recurrence through the use of long-term maintenance regimens \[[@CR5]\], or in combination with other therapeutic agents \[[@CR6]\]. It has previously been shown that intravesical delivery of MMC to the bladder is affected by its dose and pharmacokinetics, as well as residual urine volume, urine production, dosing volume, urine pH and dwell time; optimization of these parameters improves drug efficacy and oncologic outcomes \[[@CR6]--[@CR8]\]. Based on level 1 evidence (systematic review of randomized controlled trials), the suggested optimal concentration of MMC by the intravesical route is 2.0 mg/mL (40 mg/20 mL), which reduced the recurrence of bladder carcinomas by 42.6%, compared with 23.5% in patients treated with 1.0 mg/mL (20 mg/20 mL) solutions of MMC \[[@CR7]\]. However, this recommendation is not universal among urology oncologists \[[@CR9]--[@CR15]\], and one major reason for avoiding the higher MMC doses in this surgical setting is the lack of drug stability information in this concentration range.

There are various manufactured products of MMC with reported stability data of solutions \<1.0 mg/mL. For example, stability was reported on intravenous formulations, which, in addition to the active ingredient MMC, also contain low concentrations of mannitol as a bulking agent \[[@CR16]\]. The authors reported that MMC 0.4 mg/mL intravenous admixtures prepared in 0.9% normal saline (NS) diluent were stable up to 24 h \[[@CR16]\]. However, MMC intravenous solutions of 0.4 mg/mL were poorly stable in dextrose 5% water (D5W) diluent---approximately 2 h when stored in commonly used polyvinyl chloride (PVC) intravenous bags \[[@CR16]\]. A generic manufacturer product of MMC, which also contains mannitol, has reported stability information. When MMC powder is reconstituted with sterile water for injection to a final concentration of 0.5 mg/mL, the infusion solution is stable up to 7 days when stored at room temperature \[[@CR17]\]. Diluted in NS or sodium lactate injection, 40 µg/mL intravenous solutions of MMC are stable up to 12 and 24 h, respectively \[[@CR17]\].

In a published study, the stability of another MMC formulation, which contains sodium chloride but no mannitol, was reported \[[@CR18]\]. Their work demonstrated that infusion solutions prepared in sterile water for injection to a concentration of 0.8 mg/mL were stable up to 4 days at room temperature, but notable precipitation of MMC drug occurred after 1 day of storage in the refrigerator (4 °C) \[[@CR18]\]. In addition, intravenous solutions of 0.6 mg/mL prepared in NS were stable for up to 4 days at room temperature and under refrigeration \[[@CR18]\]. Moreover, MMC infusion solutions of 1.0 mg/mL prepared in phosphate-buffered saline were stable when stored at room temperature for at least 7 days, but rapidly precipitated under refrigeration \[[@CR18]\]. Kinast et al. recently assessed the chemical stability of MMC 0.4 mg/mL solutions prepared in sterile water for ophthalmic delivery while stored under various cooling conditions \[[@CR19]\]. After warming to room temperature, all solutions were chemically stable for at least 24 h \[[@CR19]\].

At our cancer center, we prepare MMC admixtures for intravesicular delivery from a generic product manufacturer. Neither the generic manufacturer nor a published study \[[@CR16]\] provide stability data for MMC solutions \>0.5 mg/mL that also contain mannitol. In some clinical settings, including at our center, intravesical administration of MMC is recommended at 2.0 mg/mL (40 mg/20 mL) to achieve optimal delivery and outcomes \[[@CR7], [@CR20]\]; however, there are no published stability data on these higher concentrated solutions. Therefore, the aim of the present study was to determine the stability of MMC solutions (1.0 and 2.0 mg/mL) commonly used during intravesical therapy for the treatment of bladder cancer.

Materials and Methods {#Sec2}
=====================

Reagents {#Sec3}
--------

MMC reference standard (\>99% purity; Lot 12362) was purchased from MedChem Express (Monmouth Junction, NJ, USA). MMC for Injection USP, 40 mg amber vial, lyophilized powder (Accord Healthcare, Inc., Lot PS00649, Exp. 02/2017), and 0.9% sodium chloride in 250 mL Excel^®^ bags (Baxter Healthcare, Lot J5K206, Exp. 02/18) were both obtained from the Division of Pharmacy, MD Anderson Cancer Center (Houston, TX, USA). The chemical solvents and reagents used to prepare the mobile phase were high-performance liquid chromatography (HPLC) grade (or greater) and included acetonitrile, methanol, sodium dihydrogen phosphate, and sodium hydroxide. All HPLC reagents and solvents were purchased through Fisher Scientific (Waltham, MA, USA). Water was obtained from a Milli-Q ultrapure water purification system (Millipore, Bedford, MA, USA).

Preparation of Mitomycin C Intravesicular Solutions {#Sec4}
---------------------------------------------------

For the 2.0 mg/mL solutions, 40 mg of MMC for Injection (lyophilized powder) was reconstituted with 20 mL of NS in its original manufacturer-supplied, amber-colored vial. MMC did not fully dissolve following reconstitution under these conditions at room temperature (data not shown). Since heat can enhance drug solubility, preliminary attempts to solubilize MMC were conducted at 37 °C; however, at this temperature, the reconstituted MMC 2.0 mg/mL solutions did not dissolve after more than 2 h of incubation (data not shown). We further found that solutions did dissolve after a 50 min incubation time period at 50 °C, therefore this temperature was used in further physical and chemical stability tests; however, microparticulates formed when the temperature cooled down from 50 °C to room temperature after 1--2 h (data not shown).

Reconstituted 2.0 mg/mL vials were placed in a Model 75 D Water Bath (VWR International, Radnor, PA, USA) at 50 °C for 50 min to yield a homogenous solution. During this incubation, vials were gently shaken by hand for 30 s every 10 min. After 50 min, the solutions were transferred to a 50 mL plastic syringe (Becton Dickinson, Franklin Lakes, NJ, USA) and stored at 37 °C, to avoid particulate formation, in an Imperial III incubator oven (Lab-Line, Melrose Park, IL, USA). Triplicate sample solutions were prepared.

For the 1.0 mg/mL solutions, 40 mg of MMC for Injection (lyophilized powder) was reconstituted with 40 mL of NS in its original vial. Further preparation of these solutions was similar to the 2.0 mg/mL solutions.

Design of the Stability Study {#Sec5}
-----------------------------

For this descriptive, laboratory-based physicochemical stability study, a series of three independent syringes were prepared for each tested concentration. An aliquot (4 mL) of solution was withdrawn from the syringe immediately following incubation (baseline), and at 1, 2, 3, 4, 5 and 6 h during storage at 37 °C. MMC solutions were considered physically and chemically stable if there were no changes in physical characteristics, and if ≥90% initial drug concentration (≤10% degradation) was retained in samples.

Physical Stability {#Sec6}
------------------

The physical stability of MMC in test solutions was assessed by visual examination of solutions for color change and precipitation, and by semi-quantitative measurements of turbidity and particle content in the samples. At each sampling time point, an aliquot (3.5 mL) of sample solution was transferred to a 15 mL borosilicate glass tube with a polypropylene screw cap. The tubes were previously washed with Milli-Q^®^ water and dried overnight. Physical instability was defined as visible particulate matter, haze, changes in color, or a change in measured turbidity of ≥0.5 nephelometric turbidity units (NTUs).

### Organoleptic Assessment {#Sec7}

The appearance and color of all test solutions were evaluated. In general, MMC solutions dissolved in clear aqueous solutions (e.g. water, NS, D5W) exhibit a characteristic purplish-color. Detection of visible particulates was performed under normal diffuse fluorescent room light with the unassisted eye. Aliquots of test samples were transferred to a glass test tube and then gently swirled for 5 s to view in front of a white panel, followed by a black panel.

### Tyndall Effect {#Sec8}

Samples without obvious visual incompatibility were further evaluated by a high-intensity monodirectional light. Samples were exposed to a Fiber-Lite Serial 180 Tyndall beam (Dolan-Jenner Industries, Woburn, MA, USA) to qualitatively observe for scattering of light by nonvisible particulates.

### Turbidity Measurements {#Sec9}

Turbidity, the degree to which light is scattered by suspended particles, was measured in NTUs using a color-correcting Turbidimeter 2100 AN (Hach Company, Loveland, CO, USA) with a tungsten-filament lamp light source. The instrument was calibrated to measure NTUs in the range of 0.001--10,000. MMC preparations complied with the test if there was a ≤0.5 NTU percentage change from baseline recording.

### Particle Determination {#Sec10}

In all samples, subvisible particles ranging in size from 1.2 to 100 µm were counted using the HIAC Royco 9703 Liquid Particle Counting System (Hach Ultra Analytics, Grants Pass, OR, USA). The optical design included a light-obscuration sensor that utilized a laser diode as an illuminator. According to United States Pharmacopeial (USP) guidelines \[[@CR21]\], MMC solutions complied with the test if the average number of particles present in the samples did not exceed 6000 for particle sizes ≥10 µM, and 600 for particle sizes ≥25 µM.

Chemical Stability {#Sec11}
------------------

MMC concentrations were determined using a HPLC with ultraviolet wavelength detection (HPLC-UV) method that was demonstrated to be stability-indicating according to previous publications \[[@CR22]--[@CR26]\].

### Chromatographic Conditions {#Sec12}

The assay was conducted on a Waters^®^ 2695 Alliance Separation Module (Milford, MA, USA) coupled to a Waters^®^ 996 photodiode array detector. The reverse phase column was a Kinetex^®^ C18 (150 mm × 4.6 mm, 5 µm; Phenomenex^®^, Torrance, CA, USA), protected by a SecurityGuard cartridge of the same stationary phase material. The mobile phase consisted of 83.5% of A (25 mM sodium phosphate, pH 5.4, adjusted with 1 N sodium hydroxide) and 16.5% of B (50% methanol: 50% acetonitrile) and delivered isocratically at 0.9 mL/min. The wavelength of the UV detection was set at 365 nm. The data were acquired and integrated with the Waters^®^ Empower 2 software. Injection volume was 10 µL. Under these chromatographic conditions, MMC eluted at approximately 4.6 min (Fig. [1](#Fig1){ref-type="fig"}a).Fig. 1HPLC-UV chromatograms of a reference MMC solution (**a**), and following forced degradation by heat (**b**), acid (**c**), base (**d**), and oxidation (**e**). The timeline and y-axis units in panel E applies to all panels. *AU* absorbance units, *H* ~*2*~ *O* ~*2*~ hydrogen peroxide, *HCl* hydrochloric acid, *HPLC* high-performance liquid chromatography, *MMC* mitomycin C, *NaOH* sodium hydroxide

### Method Validation {#Sec13}

A reference stock solution of MMC 0.75 mg/mL was prepared in neat methanol and stored at −20 °C in a freezer protected from light exposure. On the day of analysis, the stock solution was diluted further with a mixture of methanol and water in a ratio of 25:75. The same HPLC system and column were used to measure all MMC concentrations.

The stability-indicating capacity of the HPLC method was tested by accelerated degradation of MMC in solutions exposed to heat (water bath at 100 °C), acidic (0.1 N HCl), basic (0.1 N NaOH), and oxidative (3% hydrogen peroxide) conditions. We found no interference of the degradation product peaks with the peak of intact drug, demonstrating that the assay was stability-indicating (Fig. [1](#Fig1){ref-type="fig"}a--e). Five calibrators of known concentrations (50, 75, 100, 125, and 150 µg/mL) were analyzed to obtain the standard curve using the least square linear regression method. The calibration curve was linear from 50 to 150 µg/mL, with a satisfactory correlation coefficient *R* ^2^ ≥0.9997. For three known MMC concentrations, the precision of the assay, determined from six replicate injections, were all \>99.6% ± 0.1 µg/mL. Precision, expressed as a percentage of the relative standard deviation, was \<0.12% for all solutions. The intra- and interday coefficients of variation of the assay were ≤0.3% and ≤0.8%, respectively.

### pH Measurements {#Sec14}

Measurements of pH were performed in triplicate using an Ultra Basic UB-10 pH meter (Denver Instruments, Bohemia, NY, USA). Prior to sample analysis, the meter was calibrated with standard buffer solutions (Thermo Scientific, Chelmsford, MA, USA) of pH 4.01, 7.01, and 10.01.

Data Analysis {#Sec15}
-------------

MMC solutions were defined as chemically stable if \<10% was retained from the starting concentration. The percentage of intact drug loss was calculated by the actual drug loss based on the measured concentration at individual time points, as well as from linear regression to determine whether \>10% drug loss occurred. All the measured concentration versus time data points were utilized in the linear regression analysis calculated using GraphPad Prism^®^ v6.07 (GraphPad Software, Inc., San Diego, CA, USA). Confidence intervals (CIs; 95%) and standard deviations were used to determine the variability in measured concentrations and to determine the time when drug loss was \>10%. To compare the stability of tested MMC concentrations, the slopes of regression lines from each MMC concentration were compared using analysis of covariance (ANCOVA) by GraphPad Prism^®^ software. The a priori threshold for statistical significance was set at *p* \<0.05.

Results {#Sec16}
=======

Physical Stability {#Sec17}
------------------

Our preliminary studies demonstrated, as expected, that 0.5 mg/mL solutions readily dissolved in NS (data not shown); however, we found that immediately following reconstitution with NS, both MMC solutions---1.0 mg/mL (40 mg/40 mL NS) and 2.0 mg/mL (40 mg/20 mL NS)---appeared insoluble. For further evaluation, the reconstituted solutions were transferred from the original amber vial to prewashed, clear glass tubes. All MMC solutions were purplish colored, with numerous undissolved drug particles that were visible with the unaided eye under room light and when exposed to the high-intensity Tyndall beam. Allowing the solution to stand undisturbed for over 2 h or using vigorous shaking and sonication periods did not produce a dissolved solution.

Using the original manufacturer's amber vial, reconstituted solutions were placed in a 50 °C hot water bath for 50 min. All resultant MMC solutions were purplish colored, but clear when viewed under normal fluorescence room light, and there was no evidence of precipitation in any of the solutions. When viewed under the Tyndall Beam, some solutions were slightly hazy with few small particulates. For all samples, the measured turbidities were in the ranges of 1.2--1.4 NTUs initially, and increased gradually to above 1.5 NTUs. Changes in turbidities did not exceed 0.5 NTUs (over baseline readings) throughout the 6 h study period. There was a considerable amount of small particle contents in all the sample solutions initially, with negligible increases over the entire study period.

Chemical Stability {#Sec18}
------------------

Since the presence of heat in the initial hot water bath incubation could accelerate MMC degradation, we performed chemical stability tests to measure intact drug loss over a 6 h storage period at 37 °C. For the 1.0 mg/mL solutions, there was approximately 6--7% drug loss immediately following the 50 min incubation period (denoted as '0 h' in Fig. [2](#Fig2){ref-type="fig"}). After 6 h of storage at 37 °C, there was approximately 2--3% further drug loss in the 1.0 mg/mL test solutions (Fig. [2](#Fig2){ref-type="fig"}a). Overall, approximately 8--11% intact drug loss was observed over the entire study period (6 h) for the 1.0 mg/mL MMC solutions.Fig. 2Chemical stability of MMC 1.0 mg/mL (**a**) and 2.0 mg/mL (**b**) diluted in 0.9% sodium chloride and stored at 37 °C. MMC content was monitored over 6 h (one analysis every 1 h). The time zero point represents MMC content immediately following the 50 min incubation period at 50 °C. Data are expressed as mean ± standard deviation (*n* = 3) superimposed with the linear regression line and corresponding ± 95% confidence intervals (represented by *dotted lines*). *MMC* mitomycin C

Immediately following the 50 min incubation period at 50 °C, the 2.0 mg/mL drug solutions showed slight MMC degradation, with approximately 5--6% intact drug loss (denoted as '0 h' in Fig. [2](#Fig2){ref-type="fig"}b). Afterwards, there was approximately 2--4% greater drug loss during the 6 h storage period at 37 °C in the incubator oven (Fig. [2](#Fig2){ref-type="fig"}b). Overall, approximately 7--11% total intact drug loss was observed during the entire study period (6 h) for the MMC 2.0 mg/mL solutions.

Data Analysis {#Sec19}
-------------

For each MMC intravesicular solution (1 and 2 mg/mL), there were no appreciable changes in any physical stability tests; thus, we concluded that both solutions are physically stable for at least 6 h. Based on the lower limit of the 95% CI, calculated from linear regression and standard deviations, all solutions retained ≥90% intact drug (≤10% degradation) for 5 h (Fig. [2](#Fig2){ref-type="fig"}a, b). There was no statistically significant difference (*p* = 0.1932) between the slopes of regression lines for the two MMC solutions. Thus, MMC solutions (1 and 2 mg/mL) were physically and chemically stable up to 5 h.

Discussion {#Sec20}
==========

MMC, an antibiotic first isolated from *Streptococcus caespitosus* bacterium, is a quinone-containing compound that requires enzymatic bioactivation to a reactive semi-quinone metabolite that is thought to be responsible for the bulk of its cytotoxicity \[[@CR27]\]. MMC is of high importance to urologists since it is one of the most common cytotoxic antitumor agents used intravesically, especially in the treatment of NMIBC \[[@CR6]\].

Based on the literature, the solubility of MMC at room temperature prepared in water and various other aqueous milieu is approximately 0.9 mg/mL \[[@CR28]--[@CR30]\]. Nonetheless, in certain bladder cancer patients, urology surgeons utilize MMC preparations in concentrations ≥1 mg/mL \[[@CR7]\], which supersede its solubility threshold. For instance, there is strong evidence supporting a pharmacologically 'optimized' concentration of MMC 2.0 mg/mL (40 mg/20 mL) when administered intravesically, which showed greater efficacy compared with lower concentrated MMC regimens \[[@CR7]\]; however, this recommendation is not universally accepted among urology oncologists \[[@CR9]--[@CR15]\], due in part to the lack of MMC stability information at supra-high concentrations. Until now, a full evaluation of the chemical and physical stability of these supra-concentrated MMC solutions, which, prepared under conventional methods, may place the patient at risk for under-drug exposure due to the lack of solubility, was poorly known.

The small volume of diluting solution (10--20 mL) allows direct preparation of these MMC admixtures in the original manufacturer's vial \[[@CR7], [@CR8]\]; however, these vials are amber-colored, which may hinder full assessment of solubility by casual inspection, especially when viewed by the unaided eye under normal room light. Allowing the vial to stand undisturbed for several minutes after preparation allows the drug particles to settle to the bottom of vial, possibly rendering these unwanted particulates increasingly difficult to observe by the pharmacy staff.

In our preliminary physical stability experiments (data not shown), both MMC solutions (1.0 and 2.0 mg/mL) prepared in these amber vials appeared insoluble, with noticeable visible crystalline precipitates that accumulated on the bottom of the vial, after close inspection by the unaided eye. These preliminary findings raised concerns that pharmacologically optimized concentrations of MMC are often prepared, unintentionally, without prior solubilization, which may have immense practical implications for urologists treating patients with bladder cancer. Hence, these experimental observations were the impetus to further evaluate MMC physical and chemical stability using alternative preparation methods to achieve fuller solubilization.

For both tested concentrations of MMC, we observed approximately 8--10% drug loss, with no appreciable physical stability decrements, following initial incubation at 50 °C for 50 min and during storage in an incubator oven at 37 °C for 5 h. These novel data support special preparation methods of MMC admixtures used in intravesical therapy. For instance, solutions can initially be prepared by reconstitution with NS, followed by incubation at 50 °C for 50 min. Solutions can then be stored for up to 5 h at 37 °C in an intravenous bag warmer prior to administration by the urological surgical team.

Worldwide, various MMC formulations are administered in the urology/oncology setting. In the present study, we tested a manufacturer's product that also contains the inactive (excipient) ingredient mannitol. We predict that our findings, although not specifically studied, are also applicable to other commercially available MMC formulations that lack mannitol. The dose, frequency, and length of MMC intravesical therapy is not fully established. The utility of electromotive drug administration (EMDA) and chemohyperthermia have been investigated, showing some clinical benefit \[[@CR12], [@CR13], [@CR31]--[@CR35]\]. Interestingly, we found MMC to be stable for at least 50 min at 50 °C, thus inferring its stability during chemohyperthermia, which employs temperatures around 42 °C \[[@CR13], [@CR33]\].

In the present stability study, we were not able to identify potential MMC degradation products resulting after the initial heated solubilization step. Degradants, not believed to be cytotoxic, appeared in trace quantities following a 24 h storage period at room temperature of MMC 0.4 mg/mL solutions prepared in sterile water \[[@CR19]\]. MMC degradation is accelerated under strong acidic and alkaline conditions \[[@CR36], [@CR37]\], which were not present in the tested samples (pH approximately 7.0). MMC is a prodrug activated to alkylating species by quinone oxidoreductases \[[@CR38]\]; however, under the study conditions, enzymes are not present to generate cytotoxic chemical species. Taken together, we can infer that the minimal degradation observed in the present study likely results in nontoxic species, although this has not been exclusively proven.

Some caution should be heeded by urologists and pharmacy staff in implementing changes in MMC preparation as described herein; there may be a small risk for increased MMC toxicities locally and systemically due to enhanced solubility, which would increase overall drug exposure. Furthermore, the pharmacodynamics of MMC, when prepared as described, are unknown when compared with conventional preparation methods; but, hypothetically, with greater drug content present due to greater solubilization, we predict an increase in cytotoxicity and efficacy. In addition, any changes in overall treatment outcomes following altered preparation methods, such as those reported in this paper, are unknown. We recommend clinicians closely monitor their patients for any significant changes in treatment-related toxicity and potential enhanced treatment effects following implementation of changes to conventional preparation methods. Nevertheless, preparation of MMC intravesicular solutions in pharmacologically optimized concentrations is achievable in the pharmacy and clinical setting.

Conclusions {#Sec21}
===========

This study demonstrated that MMC admixtures (≥1.0 mg/mL), when prepared under conventional methods for intravesical delivery, do not achieve full solubilization, possibly leading to unwanted decreased exposure of drug to the bladder. We showed that MMC intravesical-intended solutions at pharmacologically optimized concentrations (1.0 and 2.0 mg/mL) were physically and chemically stable up to 5 h while stored at 37 °C, following initial incubation at 50 °C in a hot water bath. We advise clinicians employing these changes to closely monitor their patients for any additional MMC toxicities (and possible improvements in clinical outcomes) that may result from the predicted enhancement of MMC exposure to the bladder.
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